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A metallic planar particle, that will be called spiral resonator~SR!, is introduced as a useful artificial atom
for artificial magnetic media design and fabrication. A simple theoretical model which provides the most
relevant properties and parameters of the SR is presented. The model is validated by both electromagnetic
simulation and experiments. The applications of SR’s include artificial negative magnetic permeability media
~NMPM! and left-handed-media~LHM ! design. The main advantages of SR’s for such purpose are small
electrical size at resonance, absence of magnetoelectric coupling~thus avoiding bianisotropic effects in the
continuous medium made of these particles!, and easy fabrication. Experimental confirmation of NMPM and
LHM behavior using SR’s is also reported.
























































In 1999 Pendryet al.1 proposed an artificial negativ
magnetic permeability medium~NMPM! composed of a
regular array of electrically small resonant particles refer
as split ring resonators~SRR!. These particles show bot
small electrical size and strong magnetic polarizability
resonance, the particle being diamagnetic above such r
nance. Later, Smith and co-workers2 validated this idea and
manufactured the first left-handed-medium~LHM !—
following Veselago’s terminology3—by means of the super
position of the reported NMPM and a regular array of co
ducting wires responsible for the negative permittivity~ he
wires array behaves as a low loss artificial plasma4 h ving
negative permittivity below its plasma frequency!. In fact, it
has been shown5 that the SRR is a magnetoelectric partic
thus making the LHM in Ref. 2 to be a bianisotropic ma
rial. A modified version of the SRR that does not pres
magnetoelectric coupling—the so-called modified or bro
side coupled SRR~BC-SRR!—was introduced in Ref. 5
Moreover, some of the authors have recently shown that
artificial plasma behavior can be obtained by replacing
array of wires by a hollow pipe metallic waveguide. Th
idea leads to a one-dimensional simulation of a LHM
using a SRR-loaded waveguide.6 The same concept has bee
then extended to the simulation and design of an isotro
two-dimensional LHM.7
On the other hand, planar spirals are well-known str
tures in microwave engineering, where they are commo
used as lumped inductors,8 usually in the presence of
ground plane. However, as far as we know, they have ne
been used in metamaterial design. The aim of this paper
explore this last application of planar spiral resonat
~SR’s!. It will be shown that the use of SR’s provides
potential reduction of the electrical size of the metamate
unit cell. This reduction is crucial if the metamaterial has

















knowledge, all the reported LHM show unit cell sizes high
than one-tenth of the free space wavelength, in the very li
of application of the continuous medium description. Mor
over, the SR’s are not bianisotropic particles, having
easier fabrication process than the previously reported a
native to get that feature, the BC-SRR’s~SR is a uniplanar
particle, while BC-SRR requires accurate alignment of me
pattern at two sides of a dielectric substrate!. Thus SR’s can
be advantageously used in the design and fabrication
NMPM or LHM. This will be also experimentally shown in
this paper.
II. MODELS FOR THE SRR AND THE SR
The particles analyzed and compared in this paper
represented in Fig. 1. The SRR is formed by two coup
conducting rings printed on a dielectric slab, while the tw
and three turns spiral resonators~SR2 and SR3! are made by
a single strip rolled up to form a spiral. The SRR has be
already analyzed by some of the authors in Ref. 5 and 9. T
analysis shows that, assuming a particle size much sm
than the free space wavelength, the SRR’s essentially
haves as a quasistaticLC circuit fed by the external magneti
flux linked by the particle. The total current in the circu
i.e., the sum of the currents on each ring for a given value
the angular polar coordinatef is uniform~it does not depend
on f), since the current lines go from one ring to oth
across the slot between the rings in the form of field d
placement current lines. Thus, assuming that the capacit
between contiguous rings is much larger than the slit cap
tance, the circuit model of Fig. 1~a! is perfectly justified.
Note that the proper circuit capacitance is the series con
tion of the capacitances of the upper and lower halves of
SRR. This analysis will be now applied to the SR’s cons
ered in this paper. The hypothesis about how the conduc
current distributes on each ring is schematically shown, o
again, in Fig. 1~a!–1~c!. Note that, in general, the conductio©2004 The American Physical Society02-1
ty
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BAENA, MARQUÉS, MEDINA, AND MARTEL PHYSICAL REVIEW B 69, 014402 ~2004!FIG. 1. In each row of this figure it has been represented the top view of a resonant magnetic particle~SRR, SR2, and SR3!, its equivalent
circuit, the normalized quasistatic voltage as a function of the angular polar coordinateV (f) and the normalized electric current intensi
I (f) along the strips. The dashed lines in the graphics for bothV andI ~normalized to the highest value! correspond to the first~- - -!, second
~- • -! and, eventually, third~- •• -!, ring ~counting from the outer to the inner!. The continuous line in theI curves stands for the total curren
in the particle, i.e., the sum of all the two~ r three! dashed lines.~a! Split ring resonator~SRR!, ~b! two turns spiral resonator~SR2!, and




































cu-current intensity varies along the metal strips~quasilinearly
with the angular coordinatef in the low-frequency limit,
except for the case of the middle ring of SR3, where
current distribution is roughly uniform withf). If small
parasitic capacitances~ lit capacitance in the SRR, open-en
capacitances in any of the resonators, or the capacitanc
tween nonadjacent strips in the case of SR3! are neglected,
the conduction current intensity must vanish at the ends
each metallic strip, as it is represented in the current cur
in Fig. 1. Quasistatic voltage distribution helps us to ident
which capacitors are involved in the equivalent circuit mo
of each of the structures and how they are connected. Ind
each configuration has a different associated overall cap
tance, and this is what makes them different from the po
of view adopted in this paper. Inductance, however, can
considered roughly the same for all the three structure
similar dimensions are assumed, since global conduction
rent flow ~the sum of the contributions of the rings for ea
particular value of ) is uniform. The inductanceL in such
case, can be approximated by the magnetostatic induct
of a single ring of widthc and mean radius equal to th
average radius of the particle. Once the suitable capacita
is determined for each of the particles under study, the re



















whereL is the aforementioned inductance andC is the ca-
pacitance of the proper equivalent resonant circuit. Follo
ing the rationale proposed in Ref. 9 for the SRR—as it h
been done at the beginning of this section—or just looking
the voltage distribution shown in Fig. 1~a!, it is obvious that
each of the halves of that particle contributes to the glo
capacitance in the form of a series connection of two cap
tors, each of valueC0/2, whereC052pr 0 Cpul is the capaci-
tance between two ring shaped electrodes. In this expres
Cpul is the per unit length capacitance between two strai
metal strips having the same width and separation than
ones forming part of the coupled ring structure. Curvatu
effects are ignored, but we are just looking for an appro
mate solution. Fine adjustments can be made using elec
magnetic simulation software if desired~although, as we will
see later, the approximate results are quite satisfactory!. The
situation for SR2 is slightly different. From the current an
voltage distributions depicted in Fig. 1~b!, it is clear thatC0
is the capacitance involved in the equivalent resonator.
the third particle, SR3, we can approximately say that
r levant capacitance is, roughly speaking, 2C0, assuming
that we ignore the difference between the capacitances o
pair of external and internal rings. These two capacitan
are parallel connected as we can easily deduce from the
age distribution depicted in Fig. 1~c!. We can, once again
perform a more accurate analysis by using a commer













































ARTIFICIAL MAGNETIC METAMATERIAL DESIGN BY . . . PHYSICAL REVIEW B 69, 014402 ~2004!rately compute the exact values of the capacitances, but
only would provide the fine adjustment. We can now su
marize our results for the capacitances of the three parti
in Fig. 1 as follows:
CSRR'C0/4, CSR2'C0 , CSR3'2 C0 . ~2!
Explicit working expressions forL andCpul are given in
Ref. 9, but any method for computing the quasistatic cap
tances and inductances could be used. More interestin
this analysis predicts the following relation among the re
nance frequencies of the different particles:
f 0
SRR'2 f 0
SR2'2 A2 f 0SR3. ~3!
Finally, ohmic losses can be taken into account by includ
the resistance of the rings in the equivalent circuit9 ~note that
skin effect must be accounted for!.
The previously mentioned potential reduction of the el
trical size of the metamaterial unit cell by using SR’s~in-
stead of SRR’s! is directly deduced from the rule~3!, which
can be reformulated for the electrical size at resonances0 as
s0
SRR'2 s0
SR2. For the SR3 this reduction is not directly give
by Eq. ~3!, since for a SRR and a SR3 with the same me
radius, the external radius of the SR3 is larger than the
ternal radius of the SRR~see Fig. 1!. Thus, the electrical size
is reduced by a factor slightly higher than 1/(2A ). It must
be remembered that the SRR particle shows a magneto
tric coupling between the electric and magne
FIG. 2. The setup used for the numerical simulations. The r
tive dielectric constant of the substratee r52.43. Metallizations of











polarizabilities.5 However, the symmetrical distribution o
the electric field between the strips of the SR’s clearly s
gests that a magnetic excitation cannot generate an ele
dipole in the particle. Therefore, in the quasistatic limit cro
polarization effects are not expected in SR’s. This fact co
be of interest in the realization of isotropic metamaterials.
end this section, it can be noted that, from the circuit mod
presented in Fig. 1, the magnetic moment associated with
SR’s,mx'pr 0
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, ~4!
wherer 0 is the mean radius of the particle.
III. VALIDATION OF THE MODEL
In order to verify the proposed hypothesis about the c
rent distribution at resonance on the SRR and on the SR
simulation has been carried out by using the commer
packageENSEMBLE ~this software performs the frequenc
domain analysis of planar printed structures useful in mic
wave integrated circuit and printed antenna applications
smart method of moments algorithm is implemented in!.
The square geometry shown in Figs. 2 and 3 has been
for simplicity in computations. We feel, however, that th
conclusions can be generalized to other geometries. E
resonator was excited by a conventional microstrip line
cated close to and at the same plane as the resonant pa
A window was opened in the ground plane in the regi
occupied by the rings in order to not meaningfully pertu
the magnetic-field configuration of the particle under stu
The results of these simulations are summarized in Fig. 3
in Table I. The length of the arrows in Fig. 3 is proportion
to the current amplitude on each ring. It can be seen that
-
FIG. 3. Distribution of electric current density on the particl
when the resonant mode is excited. The geometrical parameter
shown in Fig. 2. As it can be seen in the figure, the mean perim
for the three square rings forming SR3 is the same as for the


















































BAENA, MARQUÉS, MEDINA, AND MARTEL PHYSICAL REVIEW B 69, 014402 ~2004!current distribution shown in Fig. 3 qualitatively agrees ve
well with the proposed model description~see current distri-
butions in Fig. 1!. The results for the resonance frequenc
of each particle~shown in Table I! confirm the rule in Eq.
~3!. The theoretical frequencies in Table I were obtain
from the model proposed in section II for circular particl
having the same area (pr 0
25b2) as the square particles i
Fig. 3. Therefore, extremely accurate agreement canno
expected. However, the reasonably good agreement betw
both set of frequencies shows the adequacy of the prop
model~quasistatic in nature! and illustrates the advantages
the spiral resonators associated with their small size.
Experiments have been also carried out to check
model. The frequency of resonance of several SRR and S
have been measured. For this purpose, each particle
placed in the centralE plane of a rectangular waveguid
excited in its fundamental (TE01) mode. The transmission
coefficient (uS12u) was measured by means of the automa
network analyzer HP-8510-B. An absorption dip was o
served for every particle at the resonance frequency.
experimental results shown in Table II confirm once ag
the rule~3!, also showing a good quantitative agreement w
the simple theory developed in Sec. II.
IV. DESIGN OF METAMATERIALS USING SR2
PARTICLES
In the preceding section the validity of the model pr
posed for the analysis of the SR’s has been demonstrate
this section, the usefulness of the SR’s for designing artifi
LHM and NMPM will be shown. With this goal in mind, the
experimental procedure reported in Ref. 6 has been ada
for this purpose~see Fig. 4!. An artificial LHM is simulated
by a regular array of SR’s placed at the half plane of a h
square (636 mm2) waveguide, which is excited in its fun
damental mode. The spirals were printed on a microw
TABLE I. Comparison among the resonance frequencies p
vided by electromagnetic simulation and approximate quasis
formulas for the structures in Fig. 3.
f 0





TABLE II. Comparison among the resonance frequencies p
vided by experiment and elementary quasi-static theory. The st
tures are the ones shown in Fig. 1 withr 052.45 mm, c
50.3 mm, d50.5 mm. They are printed on a dielectric substra
~ARLON CuClad 233LX! with e r52.33 and thickness 0.127 mm
Metallizations are of copper with a thickness of 35mm.
f 0






















substrate~ARLON CuClad 250LX! with dielectric thickness
0.49 mm, dielectric constante r52.43, and metallization
thickness 35mm. The geometrical dimensions of the printe
SR’s are external radiusr ext52.1 mm, width of the stripsc
50.5 mm, and distance between stripsd50.3 mm. Eleven
SR’s were aligned forming a row inside a 60-mm-long wav
guide section@see Fig. 4~a!#. The measured frequency o
resonance for the individual spirals wasf 055.4 GHz. Since
the host waveguide cutoff is at'25 GHz, the theory6 pre-
dicts a LHM pass band just above the frequency of resona
of the SR’s. This prediction is fully confirmed by the expe
ment, as it is seen in Fig. 5.
A similar experiment was made by replacing the squ
waveguide of Fig. 4~a! by a rectangular waveguide 30 mm
wide @see Fig. 4~b!#. This waveguide was loaded with fiv
equally spaced identical SR2 rows, each row having 11 sp
rings. Note that the cutoff frequency of the rectangular wa
guide is now below the resonance frequency of the SR





FIG. 4. Sketch of the experimental setup used to illustr
NMPM and LHM simulation. A SR-loaded rectangular wavegui
is placed between two commercial coaxial and rectangular wa
guide junctions. Two SR-loaded waveguide sections are use
order to simulate a LHM~a! and a waveguide filled by a NMPM
~b!.
FIG. 5. Measured transmission coefficients through the SR
loaded waveguides in Fig. 4. Solid lines: passband in the SR-loa
square waveguide of Fig. 4~a!. Dashed lines: stop band in the SR











































ARTIFICIAL MAGNETIC METAMATERIAL DESIGN BY . . . PHYSICAL REVIEW B 69, 014402 ~2004!NMPM in the range of frequencies immediately above
resonance frequency of the individual rings. It can be c
sidered, in fact, as a rectangular waveguide filled by an
isotropic NMPM with mxx,0, similarly as in Refs. 10 and
11 Since the waveguide is above cutoff in the frequen
range where the effective permeability of the medium filli
the guide is negative, a stop band is expected in this
quency range. This prediction is confirmed by the expe
ments, as it is clearly shown in Fig. 5. It is worth to note th
the upper limits of the pass band and the stop band exa
coincide, which is an indirect confirmation of the nonb
anisotropic behavior of the simulated LHM and NMPM5
The rejection band starts slightly before than the passb
This fact can be explained by the presence of a region
anomalous dispersion with high losses around the freque
of resonance of the individual SR’s. In this region no me
surable transmission is expected neither for the NMPM
for the LHM.
V. CONCLUSIONS
The usefulness of planar spiral resonators~SR’s! for the
design of artificial discrete magnetic media, including ne
tive magnetic permeability media~NMPM! and left-handed
media~LHM !, has been shown at microwave frequencies
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eral advantages over other previously proposed resona
such as the split ring resonator~SRR!1 or the modified broad-
side coupled SRR~BC-SRR!.5 First of all SR’s are easy to
manufacture using well-known and relatively cheap te
nologies~photo-etching, for instance!, because of its unipla-
nar character and the absence of the necessity of fabrica
narrow slots between the strips or other fine details in
etched design. Moreover, the use of SR’s allows for a s
nificant potential reduction in the electrical size of th
metamaterial unit cell when compared with other altern
tives. This last property has special significance if t
metamaterial has to be described as a continuous med
rather than as a discrete periodic structure. Finally, SR’s
tain the nonbianisotropic behavior of other propos
structures—such as the aforementioned BC-SRR—its ma
facturing and the control of its electrical properties bei
considerably easier. This feature is of interest in the desig
isotropic metamaterials for various applications, such
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